Summary. In this review, the physics of short-pulse laser-produced plasmas at moderate intensities is described, together with applications to x-ray sources and material processing.
Introduction
In the 80s, advances in laser science and optical technologies have opened new possibilities in the study of laser-produced plasmas. One of these advances is the implementation of the Chirped Pulse Amplification (CPA) technique [1] which has created new opportunities in the domain of ultra-intense and ultrafast laser physics. The interactions of ultra high-intensity laser pulses with matter have opened the field of optics in relativistic plasmas, a new topic of high-field science presented in comprehensive reviews [2, 3] . Indeed, intense lasers have been used to accelerate beams of electrons [4] and protons [5] to energies of several megaelectronvolts in distances of only microns. Recent improvements in particle energy spread [6] may allow compact laser-based radiation sources to be useful someday for cancer hadrontherapy [7] and as injectors into conventional accelerators [8] , which are critical tools for x-ray and nuclear physics research. They might also be used for "fast ignition" [9] of inertial fusion targets. The ultrashort pulse duration of these particle bursts and the x rays they can produce, hold great promise as well to resolve chemical, biological or physical reactions on ultrafast time scales and on the spatial scale of atoms [10] . Indeed, the time duration of these pulses being less than 100-fs, this is shorter than the time-scale of significant hydrodynamic motion of ions or solid target surfaces. Consequently, solid-density matter may be heated from room temperature to several hundreds of electronvolts without the usual change in density that accompanies long-pulse irradiation [11] . Ultrafast plasmas have important applications in material processing [12] , thin film growth using ultrafast pulsed-laser deposition [13] , and ultrashort pulse x-ray sources [14] .
In this short review, we concentrate on "low" (non-relativistic) laser intensities, i.e. Iλ 2 below a few 10 18 Wcm −2 µm 2 , where I and λ are the laser intensity and wavelength, respectively. We give credit to pioneering experimental works with femtosecond lasers aimed at producing dense plasmas in Sect.2. In Sect.3 we describe optical techniques to study ultra-short pulse plasma phenomena, including pump-probe techniques and FrequencyDomain Interferometry (FDI), a very powerful optical technique with many applications in ultrafast science. Sect.4 presents the most significant results in x-ray spectroscopy of ultrafast plasmas and describes recent advances in xray sources from short-pulse laser-produced plasmas. Sect.5 reviews ultrafast plasma modeling and Sect.6 details some practical applications of femtosecond laser-matter interaction.
Pioneering works on ultrafast plasmas
In the "long" (nanosecond) pulse regime, laser-plasma interaction physics has been studied extensively to explore the efficiency of collisional absorption by inverse bremsstrahlung, parametric instability growth rates [15] , filamentation, x-ray conversion efficiency and hydrodynamic instabilities [16] . In the short pulse regime of laser interaction with solid targets, a key issue is the understanding of the initial processes leading to the production of hot dense plasmas [17, 18] . It is crucial to obtain a time-and space-resolved picture of the very steep gradient around the critical density region to study the laser absorption mechanisms. Indeed, most of the energy transfer between the laser and the solid target occurs [19] [20] [21] in plasma regions where 0.5n c < n e < 10n c where n c is the critical density. With lasers of ≈100-fs duration, hydrodynamic simulations (see Sect.5) show that the gradient scale length L can be very much smaller than the laser wavelength λ and that typical expansion velocities are in the 0.1-nm/fs range. Absorption occurs within a layer thickness of a skin depth (≈10-nm) [23] [24] [25] [26] . At normal incidence in the Fresnel limit (λ L) and a metallic target, laser absorption is quite small and the coupling of laser energy to target electrons is very inefficient (see Fig.1 ). In the WKB limit (λ ≥ L), absorption can be calculated simply [15] using "long" laser pulse formulas and in P-polarization, a peculiar absorption mechanism dubbed"resonance absorption" occur when the component of the laser field perpendicular to the target surface drives electron plasma waves at or below critical density (depending on the incidence angle). In the intermediate regime, numerical solutions of the Helmholtz equations must be derived. The basics of laser absorption mechanisms have been described in detail in Ref. [11] .
Driven by x-ray sources applications and to circumvent the low absorption registered in the short pulse regime [27, 28] , there had been a great deal of interest in methods that could enhance the x-ray yield. The influence of various laser and target conditions has been the subject of many recent studies. Preplasma formation has been investigated in detail as one of the prominent ways of improving the x-ray yields [29] . While significant enhancement in the emission is noticed, it has also been shown that the x-ray pulse duration tends to become longer in such cases [30, 31] . The role of modulation/roughness of the surface in increasing the coupling of the input light into the plasma, which results in an enhancement in the x-ray yield, has been studied in detail. Several authors [32, 33] have shown laser light absorption of over 90% into the plasma formed on grating targets as well as those coated with metal clusters. More recently, impressive enhancements of x-ray flux have been achieved in nanohole alumina, porous silicon targets [34] and nickel velvet targets [35] . Figure 2 shows the absorption coefficient as a function of the incidence angle for different plasma scale length L calculated with a model of laser-plasma interaction with a grating target [33] . We find a good qualitative agreement, both in incidence angle position and absorption fraction (see Fig.2a ), between the crude model and more involved calculations [20, 21] with a flat target. In particular, the fact that the absorption maximum is displaced towards grazing angles for steep electron density gradients is in accord with more elaborate calculations of resonance absorption [15] . In Fig.2b , we have plotted the absorption coefficient calculated for a 100-nm depth grating. The groove spacing d of the grating has to be correctly chosen to realize the "phase matching" condition (k g = 2π/d; k y = k g + k 0 cosθ) where k 0 and k y are the radiation wavevectors in vacuum and perpendicular to the grooves, respectively. A sharp peak is observed close to the resonance angle for the 10-nm gradient scale length. A larger absorption is observed below 20
• in the case of the grating compared to the case of the flat target. This can be easily explained because, even near normal incidence, there is always a component of the incident electric field parallel to the local electron density gradient. Efficient x-ray production above 1-keV using femtosecond has been demonstrated [36] with laser-produced plasmas on silicon gratings of 1600-nm period and 250-nm groove depth. For long pulse irradiations (1.5-ps), the spectral shape of
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shifted-Kα transitions is similar to the one obtained previously [37] with flat targets. For short pulses (120-fs) and good laser intensity contrast (10 −6 ), the spectral width of these transitions is surprisingly large, indicating electron densities well in excess of 10 23 cm −3 . Two-dimensional particle-in-cell simulations indicate that the grating corrugation shape remains imprinted in the plasma during several tens of femtoseconds, increasing the period of time during which laser absorption is resonantly enhanced and favoring radiation emission at high electron densities.
Optical characterization and pump-probe techniques
Different techniques have been used to study the early evolution of ultrafast plasmas on a picosecond or subpicosecond time scale. Most of them rely on pump/probe techniques in which a short duration probe pulse interrogates the plasma surface at different time delays after the pump, plasmaproducing, pulse. For example, subpicosecond time-resolved Schlieren measurements have been used to locate the critical density layer of a plasma [38] . However, diffraction effects limit the spatial resolution along the target normal to a value of the order of a few laser wavelengths. Analysis of the spectrum of the specular backscattered laser have been used to monitor the critical surface expansion [39] [40] [41] . Similar experiments have been performed in gases [42] [43] [44] and clusters [45] . A more efficient method to probe the plasma expansion relies on the spectral analysis of a reflected auxiliary beam at different delays. In some experiments, [46] [47] [48] expansion velocities have been inferred from Doppler shifts. However, the large spectral width ∆ω×∆t ≈ 2π of Fourier-transform-limited short pulses makes it difficult to estimate frequency shifts much less than ∆ω. The measurement of the plasma reflectivity difference for S-and P-polarized light as a function of the angle of incidence has also been used to extract information on the gradient scale length [49] . All 
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these methods rely on intensity or spectroscopic measurements which are very sensitive to the detrimental shot-to-shot frequency and spatial fluctuations of the lasers.
Optical methods giving access to the phase shift of a probe beam in transmission or reflection have shown their usefulness in the study of surfaces, interfaces, and thin films [50] . In the realm of laser-produced plasmas, Frequency-Domain Interferometry (FDI) is a new technique [51] that enables to measure both the amplitude and the phase of the complex reflection coefficient of a plasma with simultaneously high spatial and temporal resolution. In recent years, this technique has been used in ultrafast laser-matter interaction experiments including molecular spectroscopy [52] , laser-induced dielectric damage [53, 54] , laser wakefield particle acceleration [55] , and the study of the propagation and breakout of femtosecond shock waves [56] [57] [58] . In laboratory plasmas, this technique has been successfully exploited to measure the electron density gradient scale-length [59] , the onset of optical breakdown in dielectric materials [60] , the collisionality of ultrafast plasmas [61] , and its applicability has been extended to single-shot measurements [62, 63] . FDI has also been used at short wavelengths to probe plasmas with high order harmonic generation in gases [64] .
To summarize, FDI probes the plasma surface with two successive twin femtosecond pulses separated in time by an external Michelson interferometer. The power spectrum of a double pulse sequence presents a fringe pattern with an envelope which is the Fourier transform of the pulse duration, modulated with a period inversely proportional to the pulse separation. Any phase shift due to the plasma generated between the two pulses can therefore be detected directly in the reflected spectrum as a fringe shift. This technique allows to achieve very accurate measurements of the phase with an incertitude of ±0.01 radian, with a time resolution of the order of the duration of the probe pulse, and a spatial resolution along the focal diameter of ≈3-µm [55] . Recent applications of phase measurement techniques involve direct observation of the ponderomotive force exerted on a plasma [65] . Figure 3 shows the phase shift of a S-polarized probe beam when two laser pulses (laser intensities of 10 15 and 5×10 17 W/cm 2 ) separated by 6-ps, the prepulse and the main pulse, are interacting with the target. Only the region corresponding to the center of the main pulse focal spot is shown. We clearly see that the interaction with the main pulse almost stops the plasma expansion. Ponderomotive force effects on plasmas have been used to increase the electron density in spectroscopic studies [66] .
4 Ultrafast X-ray spectroscopy and X-ray sources
Once the low-absorption problem of ultrafast laser interaction has been solved, laser-plasmas have a number of characteristics [30, 67] that make them valuable as x-ray sources in time-resolved x-ray measurements: i) a wide range of pulse durations from a few hundred femtoseconds to tens of picoseconds [68, 69] , ii) very bright x-ray sources can be generated with source sizes as small as a few microns, and iii) laser-plasma x-ray sources can be accurately synchronized with other events that can be driven, triggered or stimulated by the same laser light. Thermal x-ray emission from laser-produced plasmas in the subpicosecond regime occurs with pulse durations of the order of a few picoseconds [70] [71] [72] , measured by a streak camera. Conversion efficiencies (i.e. the ratio of x-ray energy to laser energy) for radiation above one keV are of the order of 10 −5 in a single line, but conversions efficiencies around 200-eV are higher, about 0.1% for a 20% bandwidth [73] .
Aluminum and silicon have been used as benchmark materials to spectroscopically study ultrafast plasmas. The conversion efficiency into narrow spectral lines and the duration of Al and Si thermal lines have been studied for a variety of experimental situations.
Helium-like lines and satellites
Primarily, He-like ion and satellite emissions from lower-charge state ions have been studied extensively [37, [74] [75] [76] . H-like ions have been seldom seen in experiments because their emergence temperature is much higher at the laser intensities considered here. Stark broadening of the spectral lines and the strong influence of satellite lines originating from doubly-excited levels are the main results of these studies. Figure 4 shows the striking difference between short pulse (Fig.4a ) and long pulse (Fig.4b) laser irradiation of a silicon target around the He-like resonance line and its Li-like and Be-like di- Fig. 3 . Phase shift of S-polarized probe beam as a function of time following the interaction of a pure carbon target with a 400-fs duration laser pulse and prepulse (arrows). Experiment (dots) and FILM-fs simulations (solid line), see Sect.5, are compared for a prepulse delay of 6-ps. The peak of the main pulse is at time zero. electronic satellites. Time duration of these kilovolt emissions have been studied with a sub-ps resolution streak camera [77, 78] , and conversion efficiencies have been determined for more energetic x-rays [79] . Spectroscopy of ultrafast plasmas has been performed with contrast-clean laser pulses obtained through frequency doubling [80, 81] and tamped Al-tracer layer-targets [82] . Isochoric heating of solid aluminum at temperatures around 300-eV has been achieved. This corresponds to a pressure or energy density of ≈0.4-Gbar in the heated dense aluminum. Free standing foils, 25-nm thin, have also been used to reach very high electron densities in contrast-clean experiments [83, 84] . The small foil thickness in these experiments minimized thermal gradients in the longitudinal direction and allowed a simple physical interpretation of the spectral data.
Kα lines
It is well known [85] that ultra-intense laser pulse interaction with solid targets produce copious amounts of hot electrons. Collective absorption mechanisms transfer part of the laser energy into hot electrons which are accelerated to multi-kilovolt energies and penetrate into the "cold" solid behind the plasma where they generate x-rays via K-shell ionization and bremsstrahlung [18] . Resonance absorption is one of these collective mechanism that explains the sensitivity of hot electron conversion efficiency to laser polarization. Indeed, the conversion efficiency from laser light into K-shell line radiation in P-polarization is 100-times higher than the one measured in S-polarization. Suprathermal electrons produced by non-collisional absorption mechanisms have proved to be a convenient way of generating x-rays in the photon energy range above one keV [86] . In the 1-to 10-keV energy range, efficient production of K α radiation in aluminum, calcium, and iron has been demonstrated. The x-ray throughput was controlled by varying the energy contrast ratio between the main ultrashort pulse and its nanosecond pedestal. The main characteristics of this type of source are a source diameter of about 10-µm, repetition rate is 10-Hz and a total number of photons per shot of about 3 × 10 8 to 10 10 , depending on laser intensities. Kα lines produced from ultrafast plasmas have been shown to be of a time duration similar to the laser pulse [87] [88] [89] . Supra-thermal electrons have also been used to investigate isochoric heating of solid matter. Temperatures of 500-eV and electron densities up to 5×10 23 cm −3 have been found. The heated depth is consistent with the range of 20-keV electrons, and the energy deposited in the heated layer was estimated to be a significant fraction (20 to 25%) of the incident laser energy [90] .
Broadband sources
Thermal emission from ultrafast plasmas is composed of discrete lines or very narrow bands of lines when targets of low atomic number Z are used. The effect of an increase of Z on the emission is that it changes the character of the thermal radiation from line to bands. In order to realize absorption spectroscopy one needs a backlight flash (multi-keV range) that is quasi continuous in some region of interest. M-shell emission spectra, obtained with ultrafast lasers interacting with high-Z material, have been measured recently [91, 92] . These spectra emitted by dense plasmas display broadband emissions related to Unresolved Transitions Arrays [93] . In Fig. 5 is shown broadband emission spectra of the 3d-4f transitions obtained for two different values of the energy contained in the hot electrons (equivalent to the laser intensity) when thick Ta targets are irradiated at 5×10
18 W/cm 2 with 400-fs pulses. The observed ionization states seem to be slightly higher in presence of hot electrons (mostly Ga-like), compared to the result obtained with less hot electrons (mostly As-like) [94] .
Laser-produced x-ray plasma sources can be distinguished by their high peak brightness. Increasing the laser repetition rate to boost their average brightness is not always practical [95, 96] . Conventional laser-produced plasma targets produce debris which may destroy or coat sensitive x-ray components such as multilayer optics, Bragg crystals, or even the sample under study. The interaction of small rare gas clusters with short pulse high intensity lasers may be applied, in the future, to the production of short pulse x-rays without the complications of laser solid-target interaction [97] .
Harmonic generation on solids
High-harmonic generation with ultrashort laser sources has recently attracted great interest [98] as a convenient technique for the production of coherent EUV and XUV radiation. Until now, most high-harmonic-generation processes were studied in inert-gas and cluster targets [99] . High-harmonic generation from an overdense plasma surface operates at higher intensities [100] . The generation of harmonics from a ponderomotively driven oscillating plasma surface was studied theoretically by Lichters et al. [101] who used fully relativistic one-dimensional particle-in-cell simulations. Recent experiments show the importance of the laser intensity contrast ratio on harmonic generation [102, 103] . A plasma mirror was designed and used to obtain 60-fs 10-TW laser pulses with a temporal contrast of 10 8 on a nanosecond time scale and 10 6 on a picosecond time scale. With these high-contrast pulses high harmonics were generated by nonlinear reflection on a plasma with a steep electronic density gradient. Well-collimated harmonics up to 20th order were observed for a laser intensity of 3×10 17 W/cm 2 , whereas no harmonics are obtained without the plasma mirror [102] . Harmonics from the rear side of laser-irradiated thin foils are useful to probe plasmas. The highest harmonic generated in this way is near the plasma frequency of the dense foil. Above this frequency a cut off occurs, which is observed in experiments [104] , and is of interest for diagnostics to determine the maximum density in the foil during the interaction.
Ultrafast plasma modeling
The various hydrodynamics codes which have been developed for laserinduced fusion [105] have all been rapidly adapted to treat the case of ultrashort pulse interaction. Different flavors of hydrocodes like FILM-fs [106] , MULTI-fs [107] and UBC [108] are now available. The set of fluid equations that all these codes solve is:
The system is closed by the equation of state (EOS) of the target material which relates the electron e , p e and ion i , p i energies and pressures to the density ρ and temperatures T e and T i . S k is the radiative flow of photon group k with energies hν k ≤ hν ≤ hν k+1 . S e is the electron heat flow. S L is the energy deposited by the laser. In the ultrashort pulse regime where energy is impinging on a steep density gradient, S L is calculated by self-consistent solution of the Helmholtz equations using the Drude approximation to the dielectric constant. FILM-fs [106] incorporates the effects of the ponderomotive pressure (see above). These codes have not been developed to treat the relativistic regime I≥10
18 W/cm 2 . Within the framework of the approximations made, such as the Drude model for electron conduction, there are a few adjustable parameters (within a restricted range governed by comparison to various experiments) to match the isochoric solid/warm plasma transition. These parameters are: the momentum transfer collision frequency which enters the dielectric constant formula, the electron-ion collision frequency for energy transfer entering the parameter γ in the hydrodynamic equations above, and the correct expressions of the electron and thermal conductivities.
LTE is seldom found in short pulse laser-produced plasmas because of time-dependent effects and steep spatial gradients. To simulate plasma line and continuum emissions, one has to rely on collisional-radiative models, such as TRANSPEC as a postprocessor [110] . In this type of code, one solves the full master equations for the ion level populations {N }:
where {A} is the matrix of collisional and radiative excitation and deexcitation rate constants. Rates can be calculated in various ways, from detailed term accounting to the formalism of super-configuration arrays [111] . Experimental results and numerical simulations of K-shell emission from Belike, Li-like and He-like ions from a 100-fs laser-produced aluminium plasma at intensities in excess of 10 16 Wcm −2 have been obtained [75] that show (see Fig.6 ) that time-dependent modelling explains the much shorter than the laser pulse X-ray pulse duration of the Be-like and Li-like emissions [75] .
6 Applications of ultrafast plasmas at low pulse energies Absorption of ultra-short low-energy laser pulses takes place on a timescale much shorter than energy transfer of excited electrons to the lattice atoms (typically a few ps). The result is the creation of a highly ionized surface layer (plasma) at near solid density. Surface melting can virtually be eliminated along with plasma shielding, which takes place in typical nanosecond laser ablation [112] . Hence, femtosecond laser ablation can yield precise materials processing resulting from efficient energy deposition while simultaneously minimizing heat conduction and thermal damage to surrounding material. Focussed intensities I>10
13 W/cm 2 are easily obtained with micro-joule pulses and the processing of, for example, normally transparent dielectrics can be achieved through multi-photon absorption [113] . Metals can be ablated quite easily [114] and the absence of a heat affected zone (HAZ), like in ordinary nspulse material processing, makes femtosecond pulse micro-machining a fast developing technology. For the foreseeable future, femtosecond-based machining will be restricted mainly to applications that cannot be addressed with other machining technologies [115, 116] . One such application is glass micromachining, a much more subtle endeavor than machining of metals [112] . In summary, the hydrodynamics of material ejection into vacuum have been modeled to consider particle formation following energetic femtosecond laser ablation. The ejected material is quenched from 1 to 3 orders of magnitude more rapidly than is material on the bulk surface and therefore stands the best chance of trapping potentially unique material states associated with rapid quenching of an extreme material state. The mean particle diameter is estimated to range from 1-to 10-nm, and it should be possible to exercise some control over nanoparticle size by varying the laser fluence. Experimental determination of both nanoparticle size and associated electronic and structural properties remains an important goal [117] .
Conclusions
Many fundamental processes in physics, materials science, chemistry, and biology occur on the ultrafast (picosecond or subpicosecond) time scale. Some of these processes can be initiated by transient optical excitation, and followed in their time evolution by ultrafast infrared, visible and ultraviolet spectroscopy. Pump-probe optical techniques are sensitive to electronic excitations, whereas extension to the sub-nanometer wavelength range should make possible the direct monitoring of atomic positions. Ultrafast laser-based plasma studies will play a pivotal role in the development of experimental dense plasma physics in the coming years. Ultrafast plasmas will also have important applications in material processing, thin film growth using ultrafast pulsed-laser deposition, and ultrashort pulse x-ray sources. Moreover, in the future, femtosecond x-ray pulses will have tremendous applications in broad areas of science, including condensed matter physics, chemistry, biology, and engineering because the ability to time-resolve atomic motions by x-ray diffraction (XRD) could open entirely new fields of scientific research [118] . The potentially most rewarding, but also most demanding application of femtosecond XRD will be the characterization of ultrafast structural processes in complex biological molecules.
